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ABSTRACT

This is the first semi-annual report of a project to develop a

thermoelectrically cooled staring focal plane module. The approach is that of

a backside-illuminated hybrid mosaic array coupled to a silicon CCD/MUX. The

detector approach is based on a transparent substrate/heteroepitaxy tech-

nology, and the multiplexer incorporates background skimming, gain reduction,

and frame transfer concepts.

To permit long staring times it is necessary to have low leakage de-

tectors. Planar detectors fabricated in InAsSb epilayers grown on GaSb sub-

strates have exhibited leakage currents as low as 4 x 10-4 A/cm 2 at 195 K,

about a factor of 2 from program goals. The corresponding RoA is 42 2-cm 2 . A

basic understanding of the diode operation has been obtained. Surface passi-

vation and doping control appear to be the key parameters.

To permit high density hybrid mosaic fabrication, techniques of

indium column growth have been developed which will permit interconnects of

sufficient height to meet final program goals.

Based on a thorough noise analysis, a test chip has been designed,

and mask generation started. The circuits tested on this chip when incor-

porated into the final multiplexer should permit operation with the program D*

goals even for staring times as long as 16 ms.
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1.0 REPORT SUMMARY

1.1 Program Objective

The program objective is to develop a high density, TE cooled, star-

ing focal plane technology for use in applications such as hand-held viewers,

guidance systems, and missile seekers. These objectives can best be met with

photovoltaic detectors fabricated from backside-illuminated intrinsic semicon-

ductors. These high density arrays must then be electrically and physically

connected to a Si integrator/multiplexer.

1.2 General Approach

The program approach is to fabricate devices of increasing perform-

ance and complexity to culminate at the end of the program with the fabrica-

tion and testing of an operational, packaged, TE cooled, high density staring

imager. This imager will be a backside-illuminated InAsSb mosaic coupled to a

specially designed Si CCD-MUX which incorporates background skimming, gain re-

duction, and frame transfer features to handle large amounts of charge. This

hybrid structure will be mounted for testing in a TE cooler package.

1.2.1 Plan

In order to create the requisite technology, three areas of investi-

gation have been defined. These are: detector development, multiplexer de-

velopment, and hybrid integration. In the area of detector development, sev-

eral intermediate goals have been set and tied as closely as possible to spe-

cific research activities and deliverables. The program schedule (Appendix A)

summarizes the plan and intermediate goals as conceived in the first two

months modified slightly by the results of the first six months.

1.2.2 Specific Goals

Key goals for the detector portion of the program during the first

six months were to attain 13 Q-cm 2 RoA products for over 90% of the diodes in

an array, to obtain a quantum efficiency-fill factor product of greater than

50%, and to develop some understanding of the important parameters in

improvi)g the perfirmance of small geometry devices.

1
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For the multiplexer portion of the program, the specific goals in-

cluded completion of the initial test chip design layout and analysis, com-

pletion of the 64 x 64 analysis, the start of test chip mask tape generation,

and the start of test equipment design.

For the hybrid integration portion of the program, the specific goals

were to design and fabricate test masks, to develop small geometry column

growth on 5 x 5 arrays, and to fabricate hybrid structures from these arrays.

1.3 Accomplishments

The principal accomplishment of this six months was to fabricate

diodes with RoA products from 20 to over 40 Q-cm 2 . Because of their high

material quality and low surface generation, these diodes exhibit a limited

diffusion volume structure in which the volume which generates leakage current

lies well within a recombination length of the junction. Because of this

limited diffusion geometry, the leakage current of these devices is much lower

(RoA much higher) than would be expected from a simple narrow base diode

model. Some insights have been gained from the analysis of these diodes which

suggest ways of further improving diode performance and passivating the

diodes. The successful passivation of these diodes would place the detector

effort within a factor of two of the program goals.

Also in the detector area, the dislocation density-diode quality

study has been completed resulting in a rejection criterion for InAsSb epitax-

ial layers. A melt bake study has been completed. Small geometry field plate

devices have been fabricated using Au metal masking.

Accomplishments in the hybrid integration area have been the growth

of In columns on 25, 50, 75, and 100 Pm geometries and the fabrication of hy-

brid test structures from these devices. The small geometry hybrid work was

made possible by the completion of test masks In mid-January.

Accomplishments in the multiplexer area have been to complete the

noise analysis of the multiplexer. This analysis has included several ap-

proaches to input circuitry, gain reduction, and storage array operation and

has incorporated 1/f noise calculations. The results show that the desired

system D* is attainable with the full 16 ms integration time. Test chip

2
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circuits implementing the most promising approaches have been designed and are

nearly complete. Digitization of the masks is well underway.

3
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2.0 TECHNICAL APPROACH

In order to obtain the highest possible performance from a TE cooled

imager, the focal plane module approach incorporates several unique features.

Figure 2.1 portrays the essential elements of the imager. Figure 2.2 shows

the details of the hybrid structure. Light is incident through a mechanically

strong, AR-coated, transparent substrate on diodes in the active layer. This

configuration permits a very high percentage optically active area. Signal

current is read out through indium column interconnects into a silicon CCD.

Because of the need to handle large amounts of current without degradation in

signal-to-noise, background skimming, gain reduction, and subframe transfer

and storage are employed in the multiplexer to obtain on chip the potential of

several milleseconds of integration time. To develop the necessary technology

to build this imager, we are investigating new detector concepts, new hybrid

fabrication techniques, and new multiplexer designs.

2.1 Detector Approach

2.1.1 RA Improvement

The baseline detector configuration is a planar, Be+ ion implanted

backside-illuminated array of photodiodes fabricated in a liauid phase epi-

taxial layer of InAso.gSbo. I (XC = 4.4 wm @ 195 K) grown on a GaSb sub-

strate. In Fig. 2.3, a schematic cross section of a detector is shown to-

gether with several parameters which are essential to the analysis of this

structure. These parameters are the recombination length, minority carrier

lifetime, minority carrier diffusivity, doping level, and thickness of semi-

conductor material on each side of the junction. Another key ingredient (not

shown) Is the surface (or heterojunction interface) recombination velocity

which must be low unless the surface is isolated from the junction by a poten-

tial barrier. Several limiting cases can be obtained from the basic diode

structure. The most important ones relating to our basic device design are

shown in Fig. 2.4. The bulk limit occurs when the dimensions of the device

are much greater than the recombination lengths. From the estimated parameter

values shown In Table 2.1, it is clear that the current InAsSb arrays cannot

4
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Table 2.1

Estimated InAsSb Material Parameters at 195K

Parameter Values Source

Un  6x10 4 cm2/V-sec Interpolation from InAs, InSb

Dn  103 cm2/sec From iin

Tn  5x10-7 sec From InSb @ 77 K

Ln calc. 220 um From Dn, Tn

Ln meas. 24 Pm EBIC at 77 K

1p 390 cm2/V-sec Interpolation from InAs, InSb

Dp 6.54 cm2/sec From p

Tp 6x10- 7  Auger in InAs for 101 6/cm3 = ND

Lp calc. 20 tim From op, Tp

Ld meas. 5.5 tim From EBIC at 77 K

NA I01 7/cm3  From SIMS

ND  1016/cm3  From C-V of p-n junction

b 4 om Typical EBIC

d 2 tim Typical EBIC

Narrow base limit

Dn  ni
J 1 = 205 x 0-  A/cm 2JLn =  b- N A

D nI
p ND -27 x 10

-5  A/cm 2

Limited diffusion volume limit

2
dJ n = q b A 1 = 6.6 x 10 7  A/cm 2

Ln NA

p= q n 1 2.7 x 10 6A/cm 2

p D

9
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be bulk limited in the electron contribution to the leakage current from the

p-side of the junction. The recombination length for holes from the n-side,

on the other hand, is sufficiently short that bulk generation may make some

contribution. The most likely models to apply to the current devices, how-

ever, are the narrow base model and the limited diffusion volume model.

A narrow base diode will inevitably have higher leakage than a bulk

limited diode with the same dopant concentration. This is simply because the

high generation rate at the diode surface maintains the minority carrier equi-

librium concentration (n?/NA or ND) much closer to the junction than would be

the case for a bulk limited diode. This limit of diode operation may still be

useful, however, if the equilibrium minority carrier concentration can be re-

duced to a point in which the leakage current is within acceptable limits.

This may be done by increasing the doping level NA or ND. Such an increase

will eventually reduce the reombination length Ln or Lp. Therefore, raisinq

the doping level will cease to help when the recombination length becomes less

than the base width. It is also possible to decrease the diode leakage by in-

creasing the base width. Thus, for the parameters shown on the table, doubl-

ing the base width and increasing the carrier concentration to NA ; 1018 would

lower the p-side leakage to 10-4A/cm2 , which is within the program goals.

Leakage current from the n-side in this limit might be reduced by a factor of

two by doubling the doping level of the n-layer, providing that the recombina-

tion length did not become unacceptably small.

The limited diffusion volume geometry has the greatest potential for

diode performance. A limited diffusion volume diode can potentially have

lower leakage than the bulk. The key requirements for operation in a limited

diffusion mode are (a) surfaces and interfaces near the junction which block

the passage of minority carriers, and (b) negligible generation rates at these

surfaces. Epitaxial growth and implant diffusion techniques make the first

requirement very straightforward. The second requirement involves the passi-

vatlon of diode surfaces and interfaces. The problem Is further complicated

by the need to cover the top surface of the diode array to protect it from the

surrounding environment (including subsequent processing and hybrid mating).

At lower temperatures (77 K) S102 :N has successfully been used with a field

plate to passivate the surface. At these temperatures, however, surface

10
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generation over the diode area is insignificant because of the low equilibrium

minority carrier concentration. The principal leakage mechanism at 77 K is

perimeter leakage, which is satisfactorily controlled by the field plated SiO 2

structure. The ability of Si0 2 :N to provide a satisfactory passivation at

195 K has not been fully explored and the initial results are mixed. To

passivate the p-side of the junction, therefore, it is desirable to consider a

variety of possible coating materials in addition to SiO 2 such as A1203 and

As2S3 which have been used successfully on other III-V semiconductors.

Another approach to passivating the surface is to epitaxially deposit a wide-

bandgap III-V semiconduictor over the surface creating a heterojunction where

the surface used to be. Because of the low minority carrier concentration in

such a layer, the leakage current would be quite low. Of course the require-

ment for a high quality heterojunction replaces that for a passive surface.

Nevertheless, because of the similarities between overlayer and active layer,

a low-generation heterojunction may be possible.

To obtain a limited diffusion structure on the n-side of the junc-

tion, again a low generation heterojunction is required. For an abrupt

n-InAsSb n-GaSb interface, theory predicts a potential barrier to holes from

the InAsSb crossing the heterojunction. This also implies a reduced genera-

tion rate at this heterojunction, because more energetic holes must be gen-

erated to overcome the barrier. In practice, however, the heterojunction may

have a small amount of alloying which would cause a reduction in the barrier

height and might contribute extra leakage. A limited diffusion volume is

automatically obtained in the n-region surrounding the diode perimeter if the

neighboring diodes are within a recombination length of the diode in auestion.

In addition to geometrical considerations, it is important to estab-

lish a baseline for material quality thereby insuring that there is no degra-

dation in lifetime due to dislocations. It is also important to consider the

as-grown material purity to attempt to reduce impurities which might cause

generation in the material and thereby reduce lifetimes.

In the area of small geometry diode fabrication, some unique con-

siderations must be made. The first is that if the diode lateral separation

is on the order of the recombination length, the effective diode collection

area should essentially equal the pixel area. Thus, in a p/n geometry, the

11
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separation between p-regions should be <5 Pm. Provided that a suitable im-

plant mask can be found which will hold these tolerances and provided that the

junction placement can be controlled to distances of order ±1 Pm, obtaining a

large fractional active area should be possible.

To obtain adequate mask tolerance control, Au metal masks will be

used in preference to photoresist masks which, because of the thickness re-

quired to block the beam, tend not to hold tolerances well. Previous results

from SIMS and EBIC have shown that typical junction depths of 4-5 Um are ob-

tained under the currently used diode implant and annealing conditions. This

accuracy is sufficient for these initial studies, but future experiments will

treat this question in greater detail.

For large area mosaics the ability to hold tolerances over long dis-

tances also arises. For such geometries good wafer surface planarity is im-

portant. Therefore, the fabrication of diodes in polished epitaxial layers is

important.

2.2 Hybrid Integration

The critical issues in the area of hybrid integration are: (1) the

nucleation and growth of uniform In columns (2) the height to width ratio of

the columns, (3) the height of columns reouired for a given thermal displace-

ment upon cooling to avoid column breakage, (4) the mechanical strength of the

In-In cold weld bond, 5) the avoidance of shorting between compressed columns,

and 6) the alignment required for mating. These issues have been solved for

75-100 um geometries on other programs. The aspects which are unique to

25-50 w geometries lie principally in the areas of adequate column height,

the avoidance of shorting, and alignment.

It has been shown on other programs that a total column height of

15-18 um prior to mating is adequate for a hybrid of 3200 um on a side when

cooled from room temperature to 77 K. Because the differential thermal con-

traction is only about half as severe on cooling to 195 K, columns of 10 um

height should suffice for similar array sizes. The most satisfactory approach

to obtaining the desired column height with a minimum of excess lateral growth

(which increases the possibility of shorting) is to grow columns of half the

12
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desired height on both surfaces to be mated (see Fig. 2.5). The columns are

typically grown through holes defined in photoresist and thus the bloominq

which occurs when the column height exceeds the photoresist thickness is min-

imized in the two column approach. Furthermore because the columns can inter-

penetrate when compressed together, the oxide on the column surfaces is broken

and the In-In cold weld formed is quite strong. By developinq the two column

approach with appropriate photoresist thickness, fabrication of small geometry

hybrids is possible.

Alignment and mating of 75 and 100 um arrays has been done routinely

on current mating apparatus and initially no change is envisioned for 25 and

50 m small array geometries, although some variation in temperature and pres-

sure of mating should be explored to minimize column deformation for 25 vM

devices.

The 26 element test array patterns are shown in Fig. 2.6. The 75 and

100 m devices will be mated in a single hybrid structure as the 25 and 50 Wm

devices. Only two arrays from any hybrid structure will be bonded, however,

because of the large number of test leads required. In addition to the twenty

six diode leads each test array has a field plate and a ground connection.

The test flow pattern for these arrays is given in Fig. 2.7.

2.3 Multiplexer Approach

The multiplexer chip for the thermoelectrically cooled focal plane

module must accept charge from an area array of photodiodes and provide read-

out of these charge signals with minimum added noise or duty cycle reduc-

tion. One of the major problems which must be confronted in the multiplexer

design is the need to handle a large amount of current (background photo-

current plus leakage current) with small unit cell sizes (2 mil x 2 mil). The

nominal value for the detector leakage current at 195 K, which will be used in

the following discussion, is 5 nA (corresponding to an RoA of -85). Assuming

3 nA of background generated current, an average of 8 nA of current must be

accommodated at each detector site, given a direct injection input. This

corresponds to 5 x 1010 holes/sec, or in a 16 msec frame, 8 x 108 holes/

detector input. This greatly exceeds the possible charge storage capacity in

a 2 mil cell; for IOOA oxide, 15 V storage voltage, and -20% of the cell

13
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available for storage, this capacity is -1.7 x 107 holes. This then implies a

factor of 47 overload in the frame time.

The approach taken to accommodate this charge overload is as follows:

1. Divide the frame (stare time) into a number, NSF, of subframes

to limit the amount of charge which must be handled at any one time;

2. Use background skimming in each input cell to remove up to 80

of the unwanted background and leakage charge generated, in order to preserve

charge capacity for signal charge and lengthen the integration time per sub-

frame;

3. After each subframe, readout the charge from each column to a

gain reducer which creates an attenuated charge replica of each subframe, with

minimum added noise;

4. And finally, accumulate the NSF attenuated subframe charges in a

storage array and then readout the reconstituted frame.

A schematic drawing indicating this approach is shown in Fig. 2.8.

In the focal plane array section, consisting of direct injection input FET,

with skimmer, and charge transfer registers, the detector currents are inte-

grated. These charge packets are then transferred to gain reducers (one per

column of the focal plane section), where an attenuated (reduced in size by a

constant scale factor) charge packet is generated sequentially for all pixels

of a given column. These reduced charge packets are then introduced into the

storage array, where all charge packets for a given pixel from the NSF sub-

frames are accumulated and stored in a location with one-to-one correspondence

to the pixel position in the focal plane array section. After NSF subframes,

the accumulated charge for each pixel is read out to constitute the output

data stream. Ideally, the readout of one frame should take place while accum-

ulation of the next frame is occurring.

In this report, the multiplexer approach, as outlined above, is ex-

amined, both in terms of expected overall performance and requirements for the

individual building blocks. In Section 3.3, an analysis of the signal-to-

noise obtainable with the multiplexer approach is given. Guided by the re-

sults of this analysis, the building blocks are analyzed, design guidelines

17
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developed, and designs/layouts for inclusion on the test chip are presented.

This section will also cover the overall test chip layout, the detector-CCD

input circuits (focal plane array), gain reducer circuits and accumulate-and-

storage arrays.
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3.0 RESULTS

3.1 Detector Development

The most important results during this period center around the fab-

rication of very high RoA InAso.gSbo.1 detectors. The behavior of the elec-

trical properties of these detectors has shed considerable light on both the

material properties of InAsSb and the proper analysis of the diffusion limited

diode structure. In Fig. 3.1 are shown the current-voltage (I-V) characteris-

tics of two diodes from layer 3-1020, one with nominally (50 .m)2 active area

and the other with nominally (100 wm)2 active area. The leakage current at

-100 mv reverse bias for the larger diode is 40 nA which translates to an

"effective" RoA value of 42 Q-cm 2 by the simple formula:

R0A kT A 1.68 x 10
-6  a-cm 2

qTL  = L i(Amps)

The smaller diode has essentially the same RoA indicating that the leakage

current varies with area as expected in the absence of dominant perimeter

leakage mechanisms. The distribution of leakage currents at 100 mv reverse

bias is shown for 26 contiguous 100 um center detectors fabricated in a dif-

ferent InAsSb layer (3-1012) is shown in Fig. 3.2 The mean effective RoA for

these detectors is 27 ± 3 2-cm 2 showing that good uniformity as well as high

RoA product can be obtained.

We note here that we have defined an "effective" RoA computationally

from the leakage current in reverse bias. The RoA measured at zero bias on

any given diode will be higher by as much as 40'. For example, the zero bias

RoA measured on the diode in Fig. 3.1 is 59 Q-cm2 . It is possible that this

discrepancy is caused partially by perimeter leakage and partially by the

finite series resistance of the very small probe contact on the diode sur-

face. However, since the estimated RoA is obtained from the region of the I-V

curve in which the device actually will be operated and since it is a con-

servative figure, we use this as our evaluation standard. Even with this

number we are within a factor of 2 of the program goal of RoA = 85 sl-cm 2.
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These planar diodes were fabricated by Be+ ion implantation in an

InAso.gSbo.1 epitaxial layer -13 vim thick grown by liquid phase epitaxy on a

GaSb substrate. The implant dose was 5 x 101 5 ions/cm2 at 100 keV with the

substrate held at room temperature. The implant mask used was 1000A of Si0 2:N

deposited at -2000C by pyrolytic decomposition of SiH 4 and 02 in the presence

of NH3. Over this was deposited a thin layer (-200A) of Ti for adherence fol-

lowed by a 4000A layer of Au which served to block the incident ions. The Au

and Ti were removed in the implanted region, but the SiO 2 was left to protect

the semiconductor surface from contamination. After implant, the Au and Ti

were removed using Technistrip gold etch and an HF-H 20 solution, respective-

ly. The SiO 2 was left in place as an annealing cap for the Be atoms. The

sample was annealed at 550 0C for 1 hr. under flowing N2. After annealing the

SiO 2 was stripped in HF and the samples were etched a few minutes in a mixture

of lactic, nitric, and hydrofluoric acids until probe measurements of 195 K

gave the I-V characteristics like those shown above. This etching was for a

longer period than that usually carried out for 77 K diodes and appeared to be

necessary to obtain the low leakage currents shown.

During the course of the etching experiments on layer 3-1020 it was

discovered that the surface etch did not produce effects that were linear with

time. The layer was split in two parts (A and B) and both pieces etched for

approximately the same length of time. Piece A showed a relatively low leak-

age current, 9 x 10-4 A/cm 2 (corresponding to an effective RoA of 19 2-cm 2 ).

This piece was set aside for field plate experiments. Piece P which showed a

leakage current of 22 x 10-4 A/cm 2 (after sitting in air overnight) was etched

further. No decrease in leakage was observed until 2 minutes and 15 seconds

more etching had occurred. At this point, subsequent 30 sec-i minute etches

began to decrease the leakage to 3.8 x 10-4 A/cm 2 (effective RoA = 44 0-cm2 ).

A further 30 second etch increased the leakage by 2 times but a longer etch

(I min) restored the low leakage value. The etching history of 3-1020 B is

shown in Fig. 3.3. Three conclusions can be drawn from this unusual etching

behavior: (1) the source of leakage current above the minimum observed is due

to surface generation over the entire p-region surface; (2) a long surface

etch passivates this surface thereby reducing generation by almost an order of

magnitude; and (3) the etch, when applied repeatedly in short increments

23
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separated by probe tests, does not have the same effect as a long etch without

interruption. In fact, if the etch is in some way improper, the surface gen-

eration may increase, as is shown by the increase at 6 minutes in Fig. 3.3.

This last observation suggests the formation of a native oxide during the mea-

surement cycle which partially inhibits the etching.

This sensitivity to surface etch suggests that these diodes prior to

the etch are operating in the narrow base limit discussed above. The observed

leakage currents correspond well to those estimated for a narrow base

p-region. The decrease in leakage with increasing surface etch is attribut-

able to the removal of implant damage and the establishment of a passive sur-

face which moves the p-side of the sample toward a limited diffusion volume

configuration. The levelling off of the leakage current at some minimum value

results from the dominance of leakage from the substrate or from incomplete

passivation of the p-surface. From the magnitude of the leakage current, the

substrate also operates in the narrow base limit.

Having observed very low leakage diodes, the next step is to apply a

protective coating. The first attempt has been to use the field plated/SiO 2 :N

structure developed for 77 K InAsSb. The results for layer 3-1020, shown in

Fig. 3.4, indicate that the coated surface is a significant source of leakage

current. The effective RoA has decreased from 42 £-cm2 to 4.4 £-cm 2, essen-

tially returning the device to the narrow base diode configuration. The right

hand panel of Fig. 3.4 shows the I-V characteristic of the diode after strip-

ping the SiO 2 and field plates by ultrasonic cleaning in HF. Without any

further etching the I-V characteristic has improved to equal the best value

obtained on the layer. This indicates that although the SiO 2 coating caused

high leakage, it did no permanent damage to the diodes. There is some reason

to suspect that the particular deposition of S10 2 made in this run was of

poorer quality than that normally used in passivatlng InAsSb. For this de-

position the optimal field plate bias was almost -70 V instead of the more

typical -20 V. Moreover, this sample was given a 10 sec lactic, nitric,

hydrofluoric etch Just prior to deposition. From the evidence reported above

(obtained after the deposition was made), an improper etch may dearade diode

performance considerably. It is therefore possible that a proper SiO 2 deposi-

tion may still act as a good passivating coating.

25
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In order to establish a baseline for material quality, a study of the

effect of dislocation density on leakage current was undertaken. Two differ-

ent layers were studied: 3-1012 with an etch pit density of 2.4 x 104 cm-2 and

3-1013 with an etch pit density of 2.7 x 105 cm"2 . The dislocations of 26

diodes on 3-1012 and of 19 diodes on 3-1013 were counted and the reverse bias

leakage current of each diode was measured after an optimal surface etch had

been applied. The results are shown in Fig. 3.5. Clearly, the higher dislo-

cation layer (3-1013) shows both higher leakage and a dependence of leakage

upon dislocation count. The low dislocation layer (3-1012) shows no leakage

dependence on dislocation density. One may therefore conclude that a layer

with a dislocation density greater than a few x 104 will not produce suitable

diodes. It should be further noted that after etching the surface morphology

of layer 3-1013 layer was generally poorer than that of layer 3-1012 and that

the diodes on layer 3-1013 appeared to have a larger perimeter leakage com-

ponent. One may also observe that the existence of a low leakage diode in

layer 3-1012 with 16 dislocations suggests that the dislocations themselves do

not necessarily cause higher leakage until one reaches a higher count

(30-40/diode). However, the layer property which gives rise to dislocations

also appears to give rise to higher leakage currents.

A preliminary study of the effects of melt baking prior to growth was

conducted with the results being summarized in Table 3.1. No correlation was

found between baking conditions and minimum leakage current. There is evi-

dence from the table, however, that layers with rough surface morphology yield

leakier diodes, and layers with higher substrate doping have less diode

leakage.

Table 3.1

Melt Bake Study Summary

Dislocatiop Breakdown I(nA at i Surface

Layer T(_C) t(hr) Density(cm - ) Voltage -100 mV) Morphology

3-1016 620 24 2 x 104 1-2 V 102 Poor

3-1018 720 24 3 x 104 1-2 V 57 Good

3-1019 545 24 3 x 104 1-2 V 73 Good

3-1020 630 6 1 x 104 .5 V 38 Good
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The effectiveness of the Au metal masking in defining small geometry

devices has been partially demonstrated by the variation of leakage current

with nominal active area in Fig. 3.1. Problems have been found in focusing

the mask aligner with sufficient accuracy to define 25 Pm devices over large

areas. This difficulty has been attributed to variations in layer thickness

over large distances. Preliminary investigtions of polishing layers after

growth indicate that any diode degradation induced by polishing is removed by

the surface etch. If further investigations bear this out, the focusing prob-

lems should be resolved.

3.2 Hybrid Integration
Successful fabrication of stripline structures for measuring 25, 50,

75, and 100 um diodes in 5 x 5 hybrid array configurations has been accom-

plished with the use of a 4X projection mask aligner. Figure 3.6 shows the

central array areas of these chips. Because of the differences between inter-

connect diameters required for the larger (75 and 100 um) and smaller (25 and

50 um) geometries, there are two separate test structures for the different

size ranges. The stripline test chips are fabricated on a -12 mil thick IR

transparent Si wafer (resistivity >1 2-cm) which is covered on both sides with

-1700A of SiO 2 for insulation and antireflection coatino. On this are depos-

ited metal striplines, the top layer being Au for bonding and the bottom Ti

for adherence to the Si0 2. The smallest lines in the pattern are 5 Lm wide.

The Ti also forms a shorting plane to permit column growth on the striplines.

The standard column growth procedure has required some modification

to obtain satisfactory column growth on the smallest geometries. In the stan-

dard procedure, a single 3 Pm thick layer of photoresist is deposited over the

test structure and holes are opened photolithographically to the striplines.

The In columns are grown by electroplating and conform to the photoresist con-

tour until they reach the top of the holes, at which point they begin to mush-

room out. The lateral growth of columns above the photoresist appears to be

enhanced by higher fields at the column edges. Figure 3.7 shows this effect

clearly in columns grown on a 25 Pm center test chip array through a 3 Um

layer of photoresist. Although the columns have a total height of only -3 Pm

above the photoresist they have grown laterally more than this in several
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places. A second layer of photoresist relieves this problem as is seen on the

right hand panel of Fic. 3.7. The columns in this panel have been grown

through a double layer of photoresist and thus have remained confined up to

the necessary 6 w height.

3.3 Multiplexer Results

3.3.1 Analysis of Signal-to-Noise Ratio of Thermoelectrically Cooled

Staring Focal Plane Module

An analysis has been carried out to evaluate the signal-to-noise

ratio which can be obtained with the focal plane concept described in the

Approach Section (2.3). The intent of this analysis is to identify which

portions of the focal plane contribute most siqnificantly to the noise, to

choose the optimum number of subframes, and to indicate design requirements

for optimum performance. Accordingly, a worst case pixel (the one that would

experience the most added noise due to the signal processing) has been traced

through the focal plane; and the final siqnal-to-noise ratio has been compared

to the ideal detector background plus leakage current limited signal-to-noise

ratio for various numbers of subframes and values of other relevant focal

plane parameters. The focal plane layout and other parameters postulated for

this analysis are:

(1) 64 x 64 picture element focal plane array with 2 mil center-to-

center dimensions;

(2) A direct injection with backqround skimming input circuit is

used, with 0.80 skim ratio (= background charge removed mean

background);

(3) Detector leakage plus background current = 8 x 10-9 amp;

(4) 16 msec total frame time;

(5) IOOA oxide thickness (oxide capacitance = 3.45 x 10-8 f/cm 2 ),

15 V storage potential, and -20% of the unit cell of the focal

plane array available for charge storage;

(6) ± 10% variations in the total of detector leakage plus photo-

current, ± 5% skimming variations, and a 5*K AT variation to be

accommodated.
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Initially, in the analysis, the effects of 1/f noise from the detec-

tor and MOSFET input circuit are not included. This is done to simplify the

analysis, for noise from subframe-to-subframe does not add in a RMS fashion if

I/f noise is included. That is, the correlation of low frequency noise from

subframe-to-subframe must be taken into account prior to the inclusion of 1/f

noise. Analysis is therefore initially performed neglecting 1/f noise; it

will be included in an ad hoc manner at the end in Section 3.3.1.5.

With the above assumptions and qualifications, the various noise

sources and operational parameters are now coosidered.

3.3.1.1 Focal Plane Array Section

Determination of Background Skim Ratio and Subframe Integration Tirme

Before proceeding with identification of important noise sources, the

amount of leakage plus background charge which can be skimmed off, and the

subframe integration time are determined. The base line detector-to-CCD

interfacing circuit to be used is a direct injection with background skimming

circuit. A schematic drawing of this input circuit is shown in Fig. 3.8.

Charge from the photodiode flows through a p+ diffusion on the multiplexer

chip, under the input gate, to a receiving well. For background skimming, the

receiving well consists of two separate wells: the storage and signal gates

separated by a barrier, or meter gate. The storage gate first fills to a

level dictated by the surface potential under the barrier; this constitutes

the charge to be skimmed or removed (bottom of Fig. 3.8). Additional charge

flows over the barrier into the signal well (which is actually also the CCD

transport register). The amount which can be skimmed without removing signal

charge is determined with the aid of Fia. 3.9). Let X be the mean background

and leakage charge. From the assumption of ± 10% detector current variations

and ± 5% skimmer variations, the worst case corresponds to a detector generat-

ing only o.9X associated with a skimmer removing 5% more than average, or a

total charge which can be removed without skimming signal charges of 0.85X

(middle drawing of Fig. 3.9. It is therefore assumed that 0.8X can be removed

for an extra margin of safety. Thus, the maximum skim fraction nSK, defined

as the ratio of the mean background removed to the mean background, is taken

to be rSK = 0.8.
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On the other hand, the maximum charge to be accommodated arises from

a detector generating 1.1X with a skimmer removing 5% less than average (right

drawing of Fig. 3.9. Also, a 5 AT at 4% contrast ratio per degree adds O.2X,

for a worst case of 1.35X. The amount of charge to be accommodated in the CCD

transport register is therefore 1.35X - O.8X = .55X.

The latter amount of charge to be handled in conjunction with the

charge capacity in the CCD register dictated by the parameters of assumption

(5) above determines the subframe integration time. The storage capacity is:

C VA
N ox (1)

where Cox = oxide capacitnce

V = storage voltage

A = storage area.

With the parameters of assumption (5) above:

Nh = 1.68 x 107 holes. (2)

This must be greater than or equal to:

Nh = .55 x t x 8 x 10- amps - 2.75 x 1 10 ti, (3)b i 1.6 x 10- 19  coul

where ti = integration time.

Equating Eqs. (2) and (3), ti 4 610 psec. This implies a maximum

number of subframes (with no dead time to read out the individual subframes)

of

Nmax _ 16 x 10- 3  = 26 subframes.
SF 610 x 10-6
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Actually, this maximum number cannot be realized because of the time required

to read out the subframes from the focal plane array.

Detector Background and Leakage Shot Noise

The detector current gives shot noise equal to the square root of the

total number of charges collected. Let N8 = total number of holes generated

by detector current, IB:

B IBti~~N B - 4

where ti = integration time and q = electron charge.

For IB = 8 x 10-
9A on the average, ti = 610 Psec,

NB = 3.05 x 1017 holes/subframe

Therefore, the shot noise =shot = NB = 5523 holes rms.

Input MOSFET Noise

The MOSFET channel noise current entering the first CCD well is oiven

by :*

8 1/2
I 8- kTgm (l+jCDRD)

JuCDRD per HZ (5)

1+gm RD  1 + +gmR D

where gm = transconductance

CD = detector + MOSFET input capacitnce

RD = diode resistance

kT = Boltzmann's constant times temperature.

* R. Balcerak, P. W. Van Atta, J. T. Hall, and W. Grant, "Signal Processing
Interface for 3-5 um Intermediate Temperature Photovoltaic Detectors", in
Proc. IRIS, Detector Specialty Meeting, San Diego, CA, 1976.
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The noise begins to increase at f = 1/2 RDCD, which for RD - 7 x 107 is

2.2 KHz and 22 KHz for CD = 1 or 0.1 pf, respectively, the range expected for

CD. Since the subframe integration time is 610 Psec which implies an input

bandwidth of : 1.6 KHz, the noise spectrum is assumed constant over the band

of interest and equal to:

8/3 kTg 1/2(IMOS = 1+g mRD ()

Then

11(2 tin t)

ITotal2  2  (7)
MOS J MOS

0

and

ITotal (8/3 kTa )I/2 t

0MOS MOS R +qR i!-mt (8)

For 1 8 x 10-9 A,gm = q/kT I = 4.7 x 10
-7  , and gmRD = 32.9, Ea. (5) yields:

oMOS = 187 holes rms.

Background Skim Noise

The noise in the background skim process is modeled as KTC noise on

the background storage gate and barrier gate has an area of 10% of the array

unit cell size, or a capacity of -8 x 106 holes. Therefore, to accommodate

O.8X = 2.5 x 107 charges to be skimmed per subframe, four skims are re-

quired. KTC noise per skim is

0KTC = v/2 KJ ,/2 342 (Cpf) 1 / 2  (9)

where the factor of Vr/ takes into account variation on both storaae and

barrier gates. For C = 0.9 pf (10% of cell area),
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GKTC = 145 holes rms (10)

and for four skims,

OKTC = 4 I4 = 290 holes rms. (11)

CCD Fast Surface State Noise

After charge integration and background skimmine in the input cir-

cuit, the charge packets are introduced into a CCD register for transport to

the gain reducer circuit. The CCD adds noise, the first source being fast

surface state noise, given by (surface channel device assumed):

=fss = [0.7 KT NssNcAcJ
/2  (12)

where Nss = density of surface states

Nc = number of CCD cells

Ac = area of CCD cells.

For Nss = 1010/cm2-eV, Nc = 64 (worst case element), Ac = 1.04 x 10- 5 cm2,

this is:

afs s = 349 holes rms. (13)

Transfer Loss Noise

This noise source Is given by

0TL = [2CcNc.Nh ]l /2  (14)

where c = transfer Inefficiency per cell

Nh = number of holes per charge packet.
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Again, the worst case element has Nc = 64. For Nh = (I-nsK)NB = 6.1 x 106 (on

the average) holes and cc = 0.0005,

GTL = 625 holes rms.

Reset Noise

Assuming a fill-and-spill type gain reducer (Section 3.3.4), the

charge is first detected with a reset floating diffusion output stage. The

reset noise introduced is:

= 342(Cpf)1/2 (15)

where Cpf = detection node capacitance in pf. The node capacitance is deter-

mined by the maximum charge (Eq. 2) and the maximum voltage swing allowed.

For a 5 V swing, Cpf = .54 pf and

Greset = 251 holes rms.

Total Noise of Focal Plane Array

At this point, the noise up to the gain reducer is summarized.

ashot = Detector shot noise = 5523 holes rms.

aMOs = Input FET noise = 187 holes rms.

askim = Skim noise = 290 holes rms.
Ofs s = Fast interface state no-se = 349 holes rms.

"tL = Transfer loss noise = 625 holes rms.

Greset= Reset noise = 251 holes rms.
TOTAL RMS NOISE = aT = 5586 holes rms.

= 1.01 x detector leakage + back-

ground shot noise

Thus, the noise to this point is -1.01 x the detector generated noise (in the

absence of 1/f noise). The focal plane section therefore does not degrade the

noise.
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3.3.1.2 Gain Reducer Noise Contribution

At the gain reducer, assumed to be a reset floating diffusion ampli-

fier followed by a fill-and-spill circuit, the noise, as well as the signal,

are reduced by a gain factor I/G (charge-out = I/G times charge-in). The

gain-reducer circuit also adds some additional noise. Therefore, the noise

per packet after gain reduction is:

= T2

Ogr2  GT + Ofs 2  (16)

G

where ofs = the noise of the fill-an(-,pill circuit. ofs = v(K =

342(Cpf)1/ 2 where Cpf = capacitance of the charge storage gate in pf. For a

12 Pm x 12 Pm gate with 1O00 oxide (Section 3.3.4), Cpf = 5 x 10-14 farads

and ofs = 76 holes rms.

Equation (16) indicates the need to have a low noise gain reduction

circuit for if this noise is large, or if G is large, the total noise can be-

come dominated by ofs.

3.3.1.3 Storage Array Noise Contribution

After gain reduction, the reduced pixels are transported to storage

sites in the storage array corresponding to their original location in the

focal plane array, the contributions from all Nsf subframes of a given frame

are accumulated, and finally the accumulated charge packets are read out.

Noise will be added during the transport and input cycle for each subframe

charge packet and during readout of the accumulated packets. The worst case

element corresponds to the top row of the focal plane array and the column

farthest from the storage array multiplexer output. During the transport and

input cycles this pixel is subject to the most transfers, hence the most fast

surface state and transfer loss noise. Also, during storage array readout,

this pixel experiences the most multiplexer transfers.

Transport and Input Cycle Noise

During input, the reduced pixel has added to it fast surface state

and transfer loss noise. The fast surface state noise will be given by
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C/1486A/cb



Eq. (12) with Nss = 1010 states/cm2 -eV, Nc = 64, and Ac = area of the input

register CCD cell. Ac = L:W, where L = 51 um and W = register width. Assum-
ing that W = 4 m, sufficient to accommodate the attenuated charge packets:

i
f = 155 holes rms. (17)

Since transfer noise is proportional to the square root of the number

of carriers, for the input CCD to the storage register, this noise is 1/ G

times the transfer noise in the focal plane array (Eq. 14) or

i = 625/ . (18)aTL

Output Cycle Noise

During output, an accumulated packet also experiences fast surface

state and transfer noise, and in addition reset noise at the output amplifier.

The fast surface state noise is again given by Ea. (12), with

Ac = NSF/G times the CCD cell area of the focal plane array. (The cells in

the storage array must accommodate the charges from NSF subframes, each re-

duced by 1/G.) Therefore

af 349 . (19)
ss

This is the noise added to a pixel during readout; to refer it to the

eouivalent noise on a single subframe, it should be divided by NSF, or:
o 349
0 /subframe - 34 (20)ss

In much the same way, transfer loss noise will be given by Eq. (14) with Nh

replaced by (NSF/G)Nh. Referred to each subframe, this becomes:

0o/Subframe = 625 (21)

OTL/sbrm 
-"
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Reset noise at the output amplifier is given by Eq. (15) with

Cpf 0.5. Dividing by/NsF to refer to each subframe:

o e /subframe = 2514/Nf. (22)

3.3.1.4 Total Input Referred Noise

An expression for the total noise per pixel per subframe, including

all of the sources discussed can now be given. This is done by adding in

quadrature all of the contributing noise sources as follows:

OT/subframe + (76) + (155) 1
+ + 

(23)

Detector + Gain Storage Array Storage Array
Focal Plane Reducer Input Output

The total noise per pixel per frame is vrNSF times EQ. (23), since NSF

subframes are accumulated to constitute a frame:

GT/frame = v . OT/ubframe. (24)

Finally, Eq. (24) is multiplied by G in order to refer the total noise to the

detector input CCD cell so that the signal-to-noise performance of the system

as a whole can be compared to signal-to-noise of the detector itself over the

frame time:

o-./frame = noise per frame referred to input = Gv/NSFOT/subframe (25)

In order to make a comparison between the detector noise limited per-

formance and actual performance, an ideal system is now postulated. In this

ideal system, a given pixel integrates for the entire frame time and the only

noise source is detector background plus leakage induced noise. The signal-

to-noise of this system is identified as (S/N) ideal. The performance of such

an ideal system cannot, of course, be attained, due to loss of integration

time to provide time to readout charge from the focal plane array and noise

added by the system. It is however, desired to design the system to approach

the ideal as closely as possible.
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Two factors will determine the signal to noise ratio of the real

system -- the number of subframes used (related to duty cycle) and the total

noise -- given by Eq. (25). (S/N) ideal is given by

(SIN) _del (26)
2.828 x 10

where Is = signal current, tf = frame time, and 2.828 x 104 is the shot noise

from the 8 nA detector current over the entire frame time. For the real sys-

tem, using 610 Psec subframes,

N t f I s  NI stf NNSF -- NSF S NSF(27)

I= 3 'T (NF) 2.828 x = 26 (NF) ideal

where NF is the "noise factor" which relates actual noise to detector noise

over the entire frame time; i.e.,

Ta = (NF) 2.828 x 104 (2P)

Now, (S/N) (S/N)ideal can be obtained usino Eqs. (23), (25) and 2) for

different assumed values of NSF, G, and other system parameters.

Such calculations are shown in Fig. 3.10 where (S/N) (S/N)ideal is

shown vs NSF. The curve labeled n=1 results from the assumption 1/G=I/NSF, in

addition to the assumptions made in the preceding sections. The assumption

(n=1, where n =N -) follows from assuming pixel storage capacity in the

storage array and focal plane array are equal (= Nmax). Then, after NSF

accumulations of Nmax/G charges per subframe, NSF - Nmax/G = Nmax or

NSF/G = 1. On Fig. 3.10, 1.0 on the vertical axis corresponds to the ideal

system. Also indicated as a dashed line is the performance of a system with

reduced integration time, but detector leakage + background noise limited; in

this case the S/N varies as t or NSF/26 (for 26 610 Psec subframes maxi-

mum per frame). The curves are extended to 26 subframes, even though this

would be unrealistic, since some time must be allowed for the focal plane to
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be read out after each subframe. Assuming that readout can be done in

128 Psec (2 usec per row) the maximum practical number of subframes would be:

16 x 10-3  sec - 21.

(610 + 128) x 106 sec

As indicated by curve n=1 of Fig. 3.10, the overall system does not

attain ideal performance, even after adjustment for duty cycle reduction,

because of the noise added by the signal processing components, particularly

the accumulate-and-store array. At 21 subframes, the S/N is 0.62 of that for

the ideal system. Actually, the performance increases very slowly with NSF

beyond -16 subframes; it may therefore be advantageous to reduce the number of

subframes and allow more time for subframe read out.

One approach to improving the system performance is to decrease the

gain reduction factor, G, so that the storage array noise is not emphasized so

much when total noise is referred back to the detector. This involves havina

a larger pixel storage area in the storage array than in the focal plane

array; this may be practical in the design because in the storage array, area

is not needed for the detector-to-CCO input circuit. The improvement possible

is shown by curves 2 and 3 of Fig. 3.10. For these curves 1/G = 2/NSF (n=2)

and 1/G= 4 /NsF (n=4). Significant improvement in performance results in these

two cases, which might be realized by using fan-out, i.e, having laroer cells

in the accumulate-and-storage array than in the focal plane array. For curves

n=2 and 3 of Fig. 3.10, .75 and .82 of ideal performance is realized at 21

subframes. The dependence on the number of subframes is somewhat stronger

than for n=1.

Another method to improve overall performance is to reduce the noise

introduced during input to the accumulate-and-store array (when the subframe

charge packets and associated noise are small) by making the input register a

buried channel device. Even though up to a factor of two specific capacity

might be lost (compared to surface channel), the input channel width can be

adjusted as necessary. Figure 3.11 shows the improvement obtained. It is

assumed that the input channel has no surface state noise and the transfer

loss noise is reduced byVT5 (E = .00005). Curves for I/G = 1/NSF(n=I) and

I/G = 2/NSF (n=2) are shown. 73% and 80% of ideal performance, respectively,

are obtained.
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One of the assumptions of the analysis was that background charge

skimming was utilized. The value of background skimming on overall system

performance can now be indicated. If skimming is not used in the focal plane

array the subframe integration time must be reduced so that the increased

charge can be accommodated. Again, assuming a storage capacity of 1.68 x 107

and that, worst case, 1.3 times the mean detector and background charge must

be accommodated, ti 
= 258 Psec maximum. For 250 Psec subframes, the maximum

number of subframes is 64 and the maximum practical number is 42. The shot

noise on the detector current accumulated during 250 Psec is 3535 holes rms.

All other noise sources remain approximately the same. Repeating the calcula-

tions, with a surface channel device and n=1, leads to the results shown in

Fig. 3.12. Here the system performance is at best 30 of ideal, significantly

worse than the system utilizing skimming. This results because with no skim-

ming, the subframe integration time is not as long, hence the detector induced

noise is reduced in comparison to fixed signal processor noise sources. Also,

because of the increased charge to be handled, large gain reduction factors

must be used, enhancino the effect of accumulate-and-store array noise when

referred back to the input well.

Finally, the performance with a partitioner gain reducer is con-

sidered. The partitioner gain reducer (Section 3.3.4) is attractive because

of layout simplicity, but it may possess full partition noise. If a charge

packet, N, is partitioned into fractions I/G and 1-1/G, a noise I/G(I-I/G)N

results. Substituting this expression for the fill-and-spill noise factor in

Eq. (23) and repeating the calculations, all other parameters being the same,

Fig. 3.13 results for n=1 and n=2. Comparison to Fig. 3.10 shows that the

system with partition noise is inferior to the system with fill-and-spill gain

reducer. However, it may be possible to operate a partitioner without parti-

tion noise. Accordingly, a partitioner gain reducer will be included on the

test chip and evaluated.

3.3.1.5 I/f Noise Computation

I/f noise, predominantly from the input MOSFET, is present and can be

significant in a staring system. To include the effects of 1/f noise in the

foregoing analysis, note that Eq. (25) gives the detector shot noise plus
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processor noise referred to in the input CCD well. The 1/f noise referred to

this input well can then be added in quadrature to obtain the total noise.

Consider operation over a full frame time. The 1/f noise current of

a MOSFET is given by

112

In /f = (8/3 kT gm)112 (f) (29)

where fn is the frequency where the 1/f noise equals the MOSFET channel ther-

mal noise. Noise voltage is related to noise current by

1/f f\1/21n/g )I2 ( ) I/

1/f = n (8/3 kT) 1/ (n(
Vngml /(30)

A good low noise MOSFET has Vn 1/f 10 wV/J/'Tat f=1 hz; from the parameters

of Section 2.1.3 the MOSFET thermal channel noise is 5.8 x 10-14 amps/Ii/.

Combining these two numbers yields fn = 6.6 x 103 Hz.

Now the total 1/f noise current over a frame time is

121tf 1/2

I1/f = 1I 2d = (5.8 x 1014)2 f I 1/2tfl
n.T n J n

fL (31)

where fo is the lowest frequency of interest. Evaluating this with

tf = 16 msec fo = 0.1 Hz

I1/f = 1.13 x 101 A.
n,T

The 1/f noise change, referred to the input CCD well (suppressed by a factor

of 1 + gmRD) is:

I1 /f t
I/ f - n f (32)

q(1+gmR D )

For RoA = 85, and operation with 100 mV reverse bias, which has been

shown to be possible, RD = 1.5 x 109 0. Therefore, from Eq. (4), with

gm = 4.7 x 10-7 mhos
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01/ f = 1.54 x 103 holes rms

For conditions of the curve n=1 of Fig. 3.10, the total noise charge not in-

cluding the 1/f noise component (NSF = 26) is 4.46 x 104 holes rms. The total

noise charge after adding the 1/f noise is also 4.46 x 104. Therefore, the

1/f noise under these conditions does not degrade the overall system perfor-

mance.

Test MOSFETS of similar geometry to those utilized in the input cir-

cuits will be incorporated on the test chip so that the 1/f noise can actually

be measured. Buried channel FET's will also be included and evaluated. How-

ever, operation with -100 mV reverse bias on the detectors should guarantee

that MOSFET 1/f noise will not be a problem.

3.3.2 Test Chip Design and Layout - General

To test and evaluate approaches for implementing the multiplexer con-

cept, a test chip will be configured, laid out, processed and tested. This

test chip will include:

1. Various approaches to the detector-to-CCD input circuit, with

51 x 51 m cell size, in 5 x 5 arrays and/or linear arrays or single elements;

2. Approaches to gain reducer circuits, including fill-and-spill

gain reducer and partitioner implementations;

3. Approaches to accumulate-and-store arrays, as 5 x 5 arrays with

51 Pm x 51 wm cell size;

4. Two or more 5 x 10 arrays incorporating a 5 x 5 detector-CCD

input array, gain reducers for each column and a 5 x 5 accumulate-and-store

array with multiplexed output;

5. Multiplexer designs;

6. and miscellaneous test circuits, such as buried channel FET

input structures, threshold voltage variation test structures, etc.

Figure 3-14 shows the tentative organization of the test chip, which

is device number 30343, showing the locaiton of the various circuits. The
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test chip is being organized to have only two different output pad sets for

ease of probing. These are an 8 x 7 pad set and a 16 x 7 pad set for larger

devices (Fig. 3.15). Twelve of the smaller blocks and four of the larger can

be accommodated on a test chip of approximately 200 mil 2, as indicated on

Figure 3.14. The accumulate-and-store array layouts have 5 x 5 storage ele-

ments, 51 . x 51 Pm in size, and each is provided with three or five separate

inputs and five separate outputs. The inputs are configured as fill-and-spill

circuits identical to the fill-and-spill portion of the gain reducer test cir-

cuits. The input circuit arrays will be configured to have individual output

charge sensing circuits (one for each of the five columns) very similar to the

charge sensing circuit of the gain reducers. This combination will offer the

possibility of evaluating the entire focal plane concept (input array plus

gain reducer plus accumulate-and-store array) by wire bonding the outputs of

an input array to the inputs of one of the accumulate-and-storage arrays.

This option then provides another approach to evaluating the overall focal

plane concept, in addition to the 5 x 10 combined modules.

The individual components to be incorporated on the test chip are

described in the sections which follow.

3.3.3 Detector-to-CCD Input Circuits

In the focal plane array section of the multiplexer chip charge from

the photodiode array is coupled to a CCD multiplexer structure and transferred

out for further processing in subsequent portions of the multiplexer. For a

design specification of 2 mil x 2 mil cells in the focal plane array section,

direct injection is chosen as the preferred approach to the detector-CCD

interface, because of its relative simplicity and advanced state of develop-

ment. In addition, the analysis of Section 2.0 demonstrated the utility of

background skimming in improving overall system performance. This approach-

direct injection with background skimming -- has been utilized and demon-

strated on other hybrid focal plane multiplexers, most recently the 32 x 32

Advanced Infrared Imaging Seeker (A12S) focal plane. The input circuit design

for this device, which has 4 mil x 4 mil cell sizes, will be the basis for the

designs for the present multiplexer. Basic operation of a direct-injection

with background skimming circuit has been given in Section 3.3.1.1.
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3.3.3.1 Input Circuit Designs

The direct injection with background skimming (DIBS) circuit used in

the 32 x 32 A12S chip is shown in schematic fashion in Fig. 3.16. In this

design, all the critical gates - input (DIG), background storage (BS), and

meter (MET) - are first level polysilicon gates for minimum threshold voltage

variations or increased storage capacity. A common buffer gate (B1) bridges

the gaps between these gates. The skim drain (SD) is implemented as a dif-

fused bus line. Six leads (not including the input source (IS) and CCD phase

electrodes) must be routed to each unit cell.

To adapt this design to a 2 mil x 2 mil unit cell, some modifications

must be made. Three modifications which reduce the reouired number of bus

leads and lend themselves to a more compact layout are shown in Fig. 3.17(a)-

(c). Circuit (a), A12S adaption, retains first polysilicon DIG, PS, and MET

gates, but the second level gates bridging the gaps of BS are connected to ES

with polysilicon-polysilicon contacts. Also, a buffer gate is needed betweer

MET and array phase I (Al) or phase 3 (A3). This gate can either be brought

off-chip or connected to Al (or A3) with a poly-poly contact. This circuit

provides potentially the best background skimmina uniformity and skimmed

charge storage capacity. However, this comes at the expense of reduced CCU

storage area, because of the large number of gates which must be defined.

Also, obtaining sufficient space to make the BI-Al contact is difficult.

Circuit (b) - second level meter gate - is the simplest adaptation,

in that making the meter gate a second polysilicon gate leads to the need for

fewer buffer gates. Five leads are needed for the input circuit, not includ-

ing IS. Two each can be routed on the first and second polysilicon levels,

and the skim drain interconnected by an aluminum bus. Because of the second

level meter gate, analysis of background skimming shows that the skim nonuni-

formity may be worse that in circuit (a). Because of the first level BS gate,

skimmed charge storage capacity is good.

A third variation is shown in circuit (c) - second level background

storage gate. Here, the BS gate is second polysilicon and the MET gate is

first polysilicon. This leads to the same number of gates and bus lines as

circuit (b). Because MET is first polysilicon, skimming nonuniformity is
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minimized but skimmed background storage capacity is reduced. Other potential

problems with this option involve obtaining sufficient area to make the Bl-Al

polysilicon contact to avoid an extra lead, and the fact that the skim gate

(SG) must be first polysilicon to interface with the second polysilicon ES

gate.

Some of the properties of each of these three options are summarized

in Table 3.2. The storage area, as a percentage of the 51 wm2 cell, has been

estimated from preliminary layouts. Circuit (b) is the most straightforward

in terms of layout; accordingly, its design and layout are the furthest alona

at this time, as discussed in the next section.

3.3.3.2 Detailed Layout Considerations - Second Level Meter Gate Circuit

The present 32 x 32 A!2S device is laid out as schematically shown in

Fig. 3.18. One CCD electrode structure serves two channels, divided by a

channel stop diffusion. A four-phase CCD is used for maximum charge handlina

capability. Detector charge flows through the input diode, into the back-

ground storage gate (charge to be skimmed) and CCD (charge to be retained).

The skimmed charge is then removed to the skim drain, which is a diffused bus

running between the diode input diffusions. In reducing the layout to 2 mil

cells, a double channel CCD is retained, to reduce overhead area required for

bus lines. However, use of a diffused p+ bus for the skim drain connection is

no longer practical without severely reducing the available CCD storage capac-

ity. Using conventional n+ channel stops with minimum 5 Pm gap between p+ and

n+ regions forces the input diffusions toward the CCD channel. This shift

must be accommodated by reducing the CCD cell width, since lead routing area

required is fixed. The p+ skim drain will therefore be implemented using an
isolated diffusion connected with an aluminum line. Furthermore, to reduce

the number of diffusions required, the layout will be configured so that one

skim drain diffusion serves four cells. This allows the background storage

gate to be made larger. A schematic of the resulting layout, showing the

diffusions and first polysilicon CCD gates is shown in Fig. 3.19. The basic

building block for the array therefore consists of 4 input cells; this build-

ing block is repeated to make up the entire array. Because of the mirror sym-

metry both horizontally and vertically about the skim drain, and the fact
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Table 3.2

Comparison of Input Circuit Options

Storage
Lead Gate Area (

Circuit Count (" )  Count (1 )  Estimate(2 )  Advantages & Disadvantages

Sa) 6 6 12.51 First level storage and meter
Al S gates- best skim uniformity and
Adaption BG store capacity. High Lead

Count + Dense layout, low stor-
age area

(b) 5 5 20 .  Reduced lead count for layout
2nd Level simplicity (compared to (a))
Meter Gate Second Level MET - Good skim

nonuniformity. Good background
storage capacity

(c) 5 5 2V- Reduced lead count compared to
1st Level (a) First level MET - Good skim

uniformity. Second Level
Store * Poor BKG storage
capacity. May be problems with
SG and BI, i.e., SG is first
level, min. area for making F1
p-p contact

(1) Input circuit only - not IS or array qates
(2) Percent of 51 wmnicell area
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that charge enters the CCD from the right under the Al CCD gates and from the

left under the A3 gates, the gate fingers must be tilted as shown.

This approach to the input circuit layout has been computer coded and

a computer plot showing the n+, p+, and first polysilicon gate levels is shown

in Fig. 3.20. The CCD storage area is (1/2 CCD cell area) 561 m2 (21.5% of

cell area) and the background storage gate area is 249 um2. Detector contact

is made via an aluminum pad -20 Pm2 on top and centered on each unit cell and

contacting the input diffusion, IS.

3.3.3.3 Additional Input Circuit Layouts

Detailed layout and computer coding of other input circuit options is

underway. The designs to be implemented include circuit (c) of Fig. 3.16 and

a second version of circuit (b), usino dielectric channel stops to possibly

allow a diffused p+ skim drain without detracting from CCD channel capacity.

3.3.4 Gain Reducer Circuits

In this section, the gain reducer concepts to be incorporated for

test on the TECS test chip are introduced, discussed, and analyzed. Circuit

schematics and layouts as they will be implemented on the test chip will be

presented, and additional on-chip circuitry reouired for test and evaluation

and test procedures will also be discussed.

After each subframe, the intearated charge is read out of the focal

plane array by column CCD registers to a gain reducer circuit; one such cir-

cuit for each column. It is the purpose of the gain reducer circuit to pro-

duce an attenuated replica of the incoming charge packets with a minimum of

additive noise. The attenuated charge packets are then accumulated in full

frame of data is read out. The analysis of Section 3.3.1 indicates that Gain

reductions in the range 10-25 will be required, depending upon storage capaci-

ty which can be attained in the accumulate-and-storage array. In addition,

the gain reducers must process each sample in 2-4 Psec so that system dead

time can be reduced.

Two basic approaches for accomplishing the gain reducer function are

proposed for inclusion on the test chip. These are: (1) the fill-and-spill
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gain reducer, in which incoming charge packets are converted to a voltage at a

reset floating diffusion node, this voltage is applied to one of the Oates of

a fill-and-spill circuit and a new, attenuated, charge is generated; and (2)

the partitioner gain reducer, in which a packet of charge is divided into two

separate packets by raising a gate. These two approaches are described in

detail, analyzed, and test circuit designs, layouts and test procedures are

given in the sections which follow.

3.3.4.1 Fill-and-Spill Gain Reducer

A schematic of the fill-and-spill (FS) gain reducer is Shown in

Fig. 3.21. At the left, the charge packets are brought to a reset floating

diffusion node, where the charge, Qin, is converted to a voltage change:

Qin
AV =-QN (33)

N

where CN is the capacitance of the output node, the actual voltage on the node

is -VR + AV = -VR + Qin/CN, where -VR is the reset level of the floating dif-

fusion. This voltage is also applied to thE backflow gate of the fill-and-

spill circuit. A source follower buffer may or may not be included between

the sensing node and subsequent circuitry. Its utility would be in assuring

equalization of node capacitance for different channels if different lead

routing patterns were required between the focal plane and storage arrays

(i.e., fan-out). In the following discussion, a buffer is not included. The

fill-and-spill storage gate is connected to a fixed DC level. Assume this

voltage is -VR, then the difference voltage from the backflow to storage gates

is -VR = Qin/CN - (-VR) - Qin/CN. Fill-and-spill action then generates an

output charge, Qout'
Qin

Qout =CN . Cox A1  (34)

where Cox = the specific oxide capacitance under the storage gate and Al

active area of this gate.
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Therefore, the charge gain is:

Qout CoxA1
- (35)

in

If the node capacitance is predominantly due to a polysilicon capacitor of

area An over channel stop with specific capacitance Cox:

0 out A1

in n

and gain reduction is accomplished by making An > A1 (CN > CoxAi)-

Design Considerations

As indicated by Eqs. (31) and (32), the charge gain is adjusted by

proper sizing of the fill-and-spill storage capacitance (area) and the node

capacitance. Several other considerations determine the allowable design

region for the various portions of the circuit. Figure 3.22 shows the fill-

and-spill circuit, showing important dimensions. Qout is given by

Qout " COx " W • (LG+LB)(Vs-VBF) (37)

LG+LB is limited by thermal diffusion limited transfer during the time the

storage gate is emptied; this and the desired period of operation determines

the maximum value of LG+LB LT. The thermal diffusion time constant is:

2
4LT

tth = (38)
7r D

where D = diffusion constant, -10 at 195 K.

6.9 time constants must elapse for only -0.1% of the charge to be

left behind. Table 3.3 gives values of Tth and 6.9 1th for various gate

lengths.
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Table 3.3

LT Tth 6.9 Tth

5 Um 10-8 6.9 x 10- 8 sec.

10 4 x I08 2.7 x 10-8

15 9 x 10-8  6.2 x 10-7

20 1.6 x 10-7  1.08 x 10-6

Since it is desired to operate the gain reducers with as little as 2 Psec

cycle time, the readout time should be <1 vsec, implying that LT be <15 im.

The minimum LT, assuming a first level storage gate overlapped by second poly-

silicon buffer and transfer gates, is determined by design rules. For 2 um

minimum gaps and 2 wm overlap, the minimum LT is 10 1m.

With the restraint on LT, W and AVS = VS-VBF are determined by the

gain reduction desired and the maximum input charge. Previous analysis showed

that maximum charge from the focal plane array is -1.9 x 107 holes/packet.

For gains of 10 and 25 (spannino the expected range of values to be used) Qout

is 1.9 x 106 abd 7.6 x 105, respectively. For these values of Qout' SV re-

quired is plotted vs. LT with W as a parameter in Fig. 3.23. Specification of

the gain reduction factor (Qout) and any two of the other parameters deter-

mines the third. ASS is constrained by the maximum voltage swine allowed on

the floating diffusion node. With circuit operating voltages on the order of

20 V, a 10 V swing might be possible; 5 V is a reasonable design value. W

will, of course, be less than the cell center-to-center spacing 51 um) and

should be close to the input channel width of the accumualte-and-store array

10 um), but can be larger or smaller than this.

Specification of the voltage swing, AVs, determines the capacitance

required on the output node, and assuming this capacitance Is obtained by a

first level polysilicon gate over channel stop, the gate area required:

1.9 x 107 x 1.6 x 10"19
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and

A(cm 2 ) = C/3.45 x 10-8 (for IOOA oxide). (40)

Values of C, the dimensions of a square gate, and the dimensions of a rectan-

gular gate with one dimension = 50 Pm are given in Table 3.4 for different

AVS •

Table 3.4

2) Square RectangularAVs(_r__ A(cm 2 )  1 D imensions( 'm) Dimension(um)

2 1.52 x 10- 12  4.4 x 10-  66 50 x 88

4 7.6 x 10- 1 3  2.2 x 10- 5  47 50 x 44

5 6.08 x 10-13 1.76 x 10-5  42 50 x 35

6 5.1 x 10-13 1.47 x 10-5  38 50 x 29.4

8 3.8 x 10-13 1.1 x 10- 5  33 50 x 22

10 3.04 x 10-13 8.8 x 10-6  30 50 x 17.6

From the foregoing the following conclusions and guidelines can be

inferred. Small gain reduction factors, desirable from a system noise stand-

point, require large values of L and W (given a maximum voltage swing).

Larger gain reduction factors allow reduction of L and/or W. It is desirable

to use as great a voltage swing as possible to minimize the silicon real

estate required for the node capacitance. In this regard, use of multiplate

capacitors would be desirable to get the maximum capacitance in minimum

area. Note that to attain a given gain reduction factor, there are basically

two design approaches:

1. For constant storage gate size, adjust the value (area) of the

output node capacitance.

2. For constant output node cpacitance vary the size of the storage

gate.

In the gain reducer circuits incorporated on the test chip, these op-

tions will be utilized, as described in the next section.

71
C/1486A/cb



Gain Reducer Test Circuit Layouts

The basic functional blocks of the gain reducer test circuits to be

incorproated on the test chip are shown in Fiq. 3.24. First there is a charge

generation circuit, which will be a fill-and-spill circuit, to generate a

fixed input charge packet. Next comes the gain reducer itself; associated

with the detection node will be a voltage monitoring circuit (source follower

stage) to measure the input charqe. Finally, there is an output circuit to

detect and measure the output charge after gain reduction. To minimize the

layout and test complexity, it is proposed to use the same charce input cir-

cuit, input charge monitor circuit, and output charae monitor circuit with

several different gain reducer configurations. These gain reducer confiqura-

tions are:

1.Gain reduction of 12 (G=12) with a 12 Pm x 12 om fill-and-spill

storage gate and node capacitance (first level polysilicon gate) sized for

maximum 5 V swing.

2. G=25 with 12 Pm x 12 um ff11-and-spill storage gate and node

capacitance (first polysilicon gate) sized for maximum 2.5 V swing.

3. G=25 with 12 Pm x 12 wi fill-and-spill storage gate and a double

plate capacitor for layout area reduction (second polysilicon plate connected

to ground lying over the first polysilicon capacitor).

This set of configurations should allow the various design options to be

adequately evaluated.

A schematic of one of the test circuit configurations (without

buffer) is given in Fig. 3.25 and a sketch of the layout, showing diffusions

and first poly gates is shown in Fig. 3.26. The channel width and gate

lengths in the input charge generator are very close to values anticipated for

the focal plane array, so that testing can be conducted with charge packets

the same as those expected in the final system. The entire circuit is laid

out in a 51 Pm dimension in the horizontal direction, compatible with the fi-

nal desired cell size. The input and output charge monitor circuits are iden-

tical (the input monitor circuit source follower is not shown in Fig. 3.25.
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Test and evaluation of the gain reducer circuit of Figs. 3.25 and

3.26 will be conducted by first determining the charge responsivity of input

and output monitor circuits in standard fashion. Also the input charge gen-

erator can be calibrated in terms of charge generated vs. gate voltages. Then

Qout vs. Qin is determined by comparing the two monitor outputs, and the gain,

gain linearity with charge, etc., can be determined. Noise of the gain re-

ducer is inferred by first determining the KTC noise of the two output cir-

cuits, then noise on the input charge, using the input charge monitor, and

finally measuring the total noise on the output charge.

3.3.4.2 Charge Partition Gain Reducer

A schematic diagram of a charge partition gain reducer is shown in

Fig. 3.27. The input charge is initially introduced into a bucket consisting

of three or more gates, all of which are on to the same surface potential. Si

and S2 have areas in the ratio G-I to 1, where G is the desired gain reducing

factor. The charge is then partitioned by turning gate PI off, resultino in

one unit of charoe under S2 and G-1 units under S1. Charge under S2 (the out-

put charge) is then passed on for detection or further processing and the

charge under S1 is removed to a reverse biased drain. The cycle can then be

reinitiated.

The partitioner has fewer elements and gates and is easier to imple-

ment than the fill-and-spill circuit (compare Figs. 3.27 and 3.21). However,

the noise characteristics of the partitioner are not yet fully known.

Design Considerations

The minimum length of the output charge storage gate S2 is dictated

by design rules -- for 3 vm overlap and 2 Pm second polysilicon gaps (at the

mask) the minimum length is 8 on (6-6.5 Pm after etch). The maximum length of

the gate is determined by the same thermal diffusion limiations discussed in

Section 3.3.1, implying a length 4 15 um. The effective gate width is deter-

mined by the need to hold the maximum gain reduced charge packet with a stor-

age potential 4 15 V. It is desired to keep this gate area as small as pos-

sible so that Si does not become unduly large. For a gain reduction of 10 and

25, and a maximum input charge packet of 1.9 x 107, the gate width, W(S2), for
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6.5 um length as a function of storage potential is given in Table 3.5

(Cox= 3.45 x 10-8 f/cm2 - IOOA oxide). Also given in Table 3.5 are the area

of the S1 gate, A(S1), length of S1, L(SI), assuming a 15 Pm width. Again

this width is dictated by the thermal diffusion time assuming the charge is

drained off to one side.

Table 3.5

_V W(S2) A(SI) L(SI)
5V 27.1 i'm 1.58 x 10- 5 cm2  105 im

G=IO 10 13.6 ium 7.96 x 10- 6  53

15 9.0 Pm 5.26 x 10- 6  35

5 10.84 1.69 x 10- 5  113

G=25 10 5.44 8.49 x 10- 5  56.6

15 3.6 5.6 x 10-6 37

Note that for smaller gain reduction factors, i.e., 10, longer Si gate lenoths

than 6.5 Pm can be used with correspondingly narrower widths so that the char-

nel width is more compatible with the accumulate-and-store array input channel

width. Note that by increasing the number of storage and partition gates by

one each, different gain reduction factors can be obained with one circuit de-

pending upon how it is clocked. It is desirable to operate the partition gain

reducer with AV as small as possible so that the S2 gate does not have to be

pulsed to transfer charge to the accumulate-and-store array input channel.

Partitioner Gain Reducer Layouts

Test circuits for evaluating the partitioner gain reducer circuit

will have the same component blocks as indicated for the fill-and-spill gain

reducer Fig. 3.24). Only the gain reducer itself and some other minor aspects

need be modified. By using the drain diffusion for the SI gate as part of a

reset floating diffusion output stage, the input charge to the gain reducer or

charge to be removed after partitioning can be moniored. A schematic of the
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partitioner test circuit is shown in Fig. 3.28 and the layout in Fig. 3.29.

As indicated above, the charge generation and output charge monitor circuits

are the same as used in the fill-and-spill gain reducers (Fig. 3.26).

As implemented for the test chip, a single partitioner test circuit

has been laid out, incorporating in one circuit two different gain reduction

factors. This involves having two signal storage gates, S2 and S3, and two

partition gates, P1 and P2. Each of these gates will be 65 Pm (after etch)

in length and is 6 on wide. The storage gate SI has an area of 858 Pm2

(15 Pm x 57 Pm). The resulting gain reduction factors are

A(53)I/G = A(51)+A(52)+A(PI)+A(53) = 1/25

A(53)+A(P2)+A(52) 1/81G 2 = A(51)+A(52)+A(P2)+A(53) 1

Testing of the partition gain reducer circuit would proceed in a

manner similar to testing of the fill-and-spill circuits. With charge input

from the charge generator, the hole responsivity of both output monitor cir-

cuits is measured, using unpartitioned charge packets. Or with the same

packet alternately routed to the two circuits, the ratio of their two re-

sponses can be measured. Then the gain reduction factor can be measured as a

funciton of charge level, frequency of operation, etc. Noise due to the

charge partition process is then measured by first measuring the output cir-

cuit noise, noise on the input packet, and finally total noise after

partitioning.

3.3.5 Accumulate-and-Store Array Designs

Following the gain reducers, the attenuated charge packets are intro-

duced into an accumulate-and-store (A/S) array. The A/S array provides: (1)

transfer of the attenuated subframe charge packets from the gain reducer to a

storage location in one-to-one correspondence to the original location of the

charge packet in the focal plane array; (2) accumulation (addition) of the NSF

subframe charge packets from a given pixel; and (3) readout of the reconstruc-

ted charge packets.
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Two basic approaches to implementing the accumulate-and-store array

can be identified: (1) the parallel approach, Fig. 3.30, in which completely

separate CCDs are provided for the input and output channels, so that one

frame can be read out while the next is accumulating; and (2) the series ap-

proach, in which, for example, the same CCD is used for both input and output

so that accumulation must stop while readout is occurring. The obvious advan-

tage to the parallel approach is that there is no loss in system integration

time while one accumulated frame is read out. Since a full 16 msec is avail-

able for readout, very moderate output clocking rates are required (256 KHz

MUX rate for 64 x 64 array). However, the fact that three separate areas are

required in the unit cell (input, storage, and output areas) implies that the

storage capacity may be small, and a large number of buss leads are reouired

to implement the array.

In the series approach, on the other hand, either input/output CCD

electrodes or storage and output CCD electrodes are combined, resulting in a

potentially simpler layout and reduced buss lead count. Input to the array

must be stopped while readout occurs, however. The impact of the readout time

on detector integration duty cycle can be minimized by using multiple multi-

plexing and running the multiplexer at an increased rate. Consider Fig. 3.31

which indicates possible multiplexing options. Part (a) indicates the multi-

plexing arrangement for a parallel A/S array - a single multiplexer and output

are used. If 16 msec are taken for A/S array readout, the array clock rate is

4 KHz and the MUX clock rate is 566 KHz. A series A/S array could use this

same multiplexer approach, but utilization of 16 msec for readout would result

in 50% loss of detector integration time. If the MUX and array clock rates

are increased, the readout time can be reduced. For example, for readout in

1.6 msec, the array clock rate is 40 KHz nd the MUX clock rate is 2.56 MHz.

This is nearing the limit for a surface channel device. However, as indicated

in Part (b) of Fig. 3.31, the MUX rate can be reduced by using multiple MUX

channels. The MUX can be divided horizontally in half with half of the chan-

nels going to the right and half to the left, for a factor of two reduction in

clock rate. Two output lines are now reauired. Also, two-to-one multiplexing
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in the vertical direction can also be used,* with every other channel intro-

duced into a different MUX. These two steps reduce the required MUX rate to

640 KHz. The outputs of the two vertical channels can be combined as a single

data stream at the output amplifier. Utilization of these MUX approaches

would increase the integration duty cycle but system multiple output channels,

high frequency, and discontinuous output require consideration.

For inclusion on the 30343 test chip, three A/S array approaches have

been chosen, one parallel array and two series arrays. These approaches are

now described in detail.

3.3.5.1 Parallel A/S Array Design and Layout

A schematic diagram for the parallel A/S array is shown in Fig. 3.32.

One input CCD serves two adjacent channels, e.g., n-1 and n. A transfer

pulse, VT1, couples charge from the input CCD register to a storage gate. A

second transfer pulse, VT2 then couples charge from the storage gate to the

output register. The charge capacity of the storage gate and output CCD

register must be approximately equal. VT1 and VT2 must be different, as are

the input and output CCD electrodes. The total lead count for this array is:

Input CCD - 4(2) leads

VT1, VT2, Store - 3 Leads

Output CCD - 4 Leads

Total 11(9)

The two different totals result from implementing the input CCD as a four

phase or two phase device. The output CCD is a four phase device for in-

creased charge carrying capacity.

This approach has been laid out in detail and computer coded for

inclusion on the test chip. For the layout, a two phase input CCD was used.

This CCD will have implanted barriers and aluminum buss lines. A computer

plot of the unit cell, showing only the n+ (channel stop) and first

* R. L. Angle, et al., "Techniques for the Design of High Density, High Speed
TDI-CCD Image Sensors," International Conference on the Application of
Charge Coupled Devices, San Diego, CA, Oct. 25-27, 1978, pp. 1-1 to 1-11.
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polysilicon levels is shown in Fig. 3.33. The unit cell size is compatible

with 51 w x 51 u cells. The output CCD storage area is 421 um2 , while the

storage gate area is 480 Pm2. thus, the limiting charge handling capacity is

(15 V storage potential, 3.45 x 10-8 f/cm 2 oxide capacitance) 1.36 x 107

holes/cell. For a storage capacity of 1.68 x 10 in the focal plane array,

the n factor (ratio of the two storage capacities) is 0.81.

The unit cell of Fig. 3.33 has been assembled into a 5 x 5 array of

cells. Each column tias been provided with a fill-and-spill input circuit. As

described in Section 3.3.3 this fill-and-spill input circuit is identical to

that found in a fill-and-spill gain reducer. Columns one and two have a com-

mon backflow gate, channels three and four another common backflow gate, ard

column five has a conuection to its backflow gate. Therefore, three separate

inputs to the array can be made. Each column has an individual reset floating

diffusion output stage, with on-chip, constant current load device.

Because of the large number of lines (9) needed to implement this A/S

array concept, one of the VT pulses is connected at the second metallizaiton

level. This metallization level is normally used for plating the In columns

for detector mating, but can provide an extra metallization layer, away from

the focal plane array, if required, as in this case. The second metallization

layer connects to an Al pad (through a hole in silox) which in turn contacts

the gate line to be controlled.

3.3.5.2 Series A/S Array #1 Design and Layout

The first series A/S array design which has been laid out for incor-

poration on the test chip is shown schematically in Fig. 3.34. The same CCD

electrodes (4 phase) are used for input and output channels; separation is

accomplished by a channel stop diffusion. The input channel width is 5 Wm (at

the mask), while the output channel width is larger. There is a storage elec-

trode coupled to the input and output channels with a transfer gate line. The

same transfer pulse line is ured to introduce charge into the storage site

(from under phase 1) and to extract it to under phase 3. This requires that

phase 3 be off during input of charae into the storage area and that phase 1

be off during transfer to the output register. Also during frame readout, VT

and Store are off. As opposed to the parallel array layout of Section
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3.3.5.1, this approach has identical charge path for all the elements. The

cell size is 51 m x 51 un; storage area of the output CCD channel and storage

area are again approximately equal. The storage area is 384 Pm2 and CCD

storage area is 350 Pn2. Thus, the charge capacity is (15 V storage voltage,

3.45 x 10.8 f/cm2 oxide capacitance) 1.1 x I07 holes, or 0.65 of the focal

plane array capacity. Only six buss leads are required for this implementa-

tion. A plot of the computer mask layout for the channel stops and first

polysilicon gates is shown in Fig. 3.35.

This A.S array approach is also configured as a 5 x 5 array. Fill-

and-still inputs, as in the fill-and-spill gain reducer, are provided. For

this circuit, each of the five column inputs is provided with a separate back-

flow gate connection so that five independent inputs can be obtained. Sepa-

rate output stages are provided for each of the five columns.

3.3.5.3 Series A/S Array #2 Design and Layout

The second series A/S array implemented for inclusion in the test

chip is shown schematically in Fig. 3.36. In this design, the separate stor-

age area of the previous two designs is dispensed with, and storage takes

place in the output CCD register itself. The input CCD register is four phase

with one set of gates serving two channels. The input CCD is configured with

a phase 1 electrode on each side and the phase 3 electrode down the middle,

because transfer of charge from input to output registers must occur from

under the phase one gate and buss line. On the left of the input register,

charge is introduced under phase 1 output and under phase 3 output on the

right. The same VT gate, connected by an aluminum line, is used on both sides

of the input register. Because of the large number of second level poly-

silicon gates required, phase two lines of the input and output registers are

the same. This requires that during the A/S portion of the cycle, phase 4

output be off, phase 3 output and phase 1 output be on, while phase 2 output

(= phase 2 input) is pulsed. The stored charge therefore is stored under

phase I output and phase 3 output, or phase 1 output plus phase 2 output plus

phase 3 output, as the input register clocking takes place. A plot of the

computer mask layout for the channel stops and first polysilicon gates is

shown in Fig. 3.37.
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The output CCD storage area is 612 Pm for a 51 Pm x 51 um cell,

larger than the previous two approaches. Again, with 15 V storage voltage and

3.45 x 10-8 f/cm 2 oxide capacitance, the storage capacity is 1.98 x 107, which

gives an n factor of 1.18.

The input and output configuration for this A/S array implementation

is the same as for the parallel array of Section 3.3.5.1.

3.3.5.4 Summary

The three A/S array designs described will provide flexibility to

evaluate several different approaches to implementing the final A/S arrays.

Series array #1 is the simplest implementation in terms of layout and opera-

tional complexity, but affords the least storage area per cell. The other

approaches offer greater storage capability at the expense of increased lead

count. All have been fully laid out and computer coded. Note that different

combinations of input and output approaches could also be used; for example,

the two phase input CCD of the parallel A/S array (Section 3.3.5.1) could be

used in series A/S array #2 (Section 3.3.5.3). As discussed above, the input

circuits to the A/S arrays can be bonded to the outputs of the focal plane

arrays to provide verification of the entire focal plane module concept.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

4.1.1 Primary

A. The InASo.9Sbo.1 planar backside illuminated diode arrays

show the potential for meeting program RoA goals. Diodes

in typical epitaxial layers have already demonstrated

RoA's only a factor of two away from the desired value.

B. An appropriate means of isolating the junction from the

surface or of passivating the surface must be found in

order to make the surface insensitive to ambient con-

ditions.

C. Column growth of sufficient height to meet program goals

and without excess lateral growth has been demonstrated on

25 Pm centers.

D A thorough analysis of noise in the multiplexer shows that

the specified program D* is attainable with the full 16 ms

integration time with proper component design and detector

operation.

E. The test chip design now - 80% complete, is adequate to

evaluate several different component structures which

could meet or exceed program goals.

4.1.2 Secondary

A. Bulk, narrow base, and limited diffusion diode models

appear adequate to explain leakage current behavior.

B. The key element to the high performance RoA observed is

the elimination of generation at the surface by an appro-

priate etch.
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C. Layers with poor surface morphology or dislocation den-

sities greater than - 4 x 104/cm2 will not produce accept-

able diodes.

D. Baking the melt before epitaxy has no effect on diode

quality at the performance level observed in these

diodes. Higher substrate doping appears to reduce leakage

to some extent.

E. Fabrication of devices with 50 um geometries appears to be

possible on as-grown epitaxial layers. Smaller geometries

may require layer polishing, but this probably will not

degrade device performance.

F. Fully field-plated hybrid diode arrays on 25, 50, 75, and

100 iam centers have been fabricated.

G. I/f noise in the input circuit MOSFET will not present a

problem if the detector is operated sufficiently far in

reverse bias (-100 V).

H. Buried channel structures could greatly enhance perfor-

mance of both input circuits and storage arrays.

I. Because of the gain reduction factor, the storage array is

the largest MUX noise source. Thus, background skimming

is necessary to minimize need for gain reduction.

4.2 Recommendations

A. Develop heavily p-doping technology to isolate surface

from junction. This involves the study of different

Implant doses and conditions as well as annealing cap
materials and annealing conditions. SIMS analysis has

shown that, with SiO2 low temperature capping, consider-

able Be leaves the implanted region and migrates to the
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Si0 2-InAsSb interface. Only about 1-2% of the implant

activates, doping the layer to a level of 1017/cm3. This

should be well below the maximum doping level possible for

Be in InAsSb since in GaAs the limit is well above

I018/cm3 . Higher temperature S10 2 , Si3N4 , and A1203 will

be tried. The objective will be to establish a narrow

base diode with sufficiently high NA values that leakage

current densities fall below 0.1-0.2 mA/cm2 thus satis-

fying the program requirements even without fully passi-

vating the surface.

B. Investigate passivating coatings to permit operation of

the diodes in the limited diffusion volume regime. This

investigation would consist of varying SiO 2 deposition

conditions and surface treatments to obtain a low surface

generation rate. Other insulators such as A1203 which has

been useful for GaAs, and As2S3 , which has been used for

InAs would also be tried.

C. Investigate techniques for increasing substrate doping.

More heavily doped layers appear to have lower leakage.

Pb holds promise for a dopant since InAsSb layers grown in

the past from Pb solutions have shown excellent morphology

and heavy n-doping.

D. Pursue the present approach to diode implant masking and

study layer polishing as a technique for increasing uni-

formity of 25 um devices.

E. Continue to develop and test hybrid structures using the

double layer photoresist two column interconnect tech-

nique.

F. Continue the present course of test chip development

paying particular attention to background skimming, buried

channel, and partitioner gain reducer structures.
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APPENDIX: Program Schedule
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